[1] The focus of this paper is the retrieval of the oscillation angle of crystals around the horizontal plane, in low-level ice clouds, using the lidar depolarization ratio. An ice cloud located between 0.5 and 2.25 km of altitude has been studied. Measurements were taken near Montreal, on February 2nd, 2000, with a 1.06-mm lidar with scanning capability and dual polarization. The scanning observations show high variations of both backscattering coefficient and depolarization ratio, that are usually associated with horizontally-oriented crystals. A technique has been developed to retrieve the average crystals oscillation angle: the evolution of the measured lidar depolarization ratio with the lidar beam incidence angle on the cloud is compared with simulations of lidar depolarization ratio computed through ray-tracing. For the fore mentioned case, the average crystal oscillation angle is estimated to be 12°and the relative quantity of oriented ice crystals in the cloud to be 20%.
Introduction
[2] Cirrus clouds are high altitude clouds mostly composed of ice crystals. Since they consistently cover more than 30% of the earth's surface [Wylie et al., 1994] , their influence on its radiation budget cannot be overlooked [Stephens et al., 1990] . Moreover, several studies suggest that ice crystals in cirrus clouds tend to oscillate around an horizontal orientation [Platt, 1978; Lynch et al., 1994; Chepfer et al., 1999] . Occurrence of this phenomenon in a cloud has a direct influence on its hemispherical albedo, which can be increased by as much as 30% when all crystals within the cloud show a preferred orientation [Takano and Liou, 1989] .
[3] To take these clouds correctly into account in radiative models, good knowledge of their microphysical properties is essential. However, due to the high altitude of cirrus clouds, direct in situ measurements of their microphysical properties are difficult tasks that cannot be pursued on a systematic basis. When considering active remote sensing measurements, the lidar sensitivity to optically thin clouds makes it one of the most appropriate instruments for cirrus study. More specifically, the lidar depolarization ratio is strongly dependent on the probed cloud microphysical properties, and as such contains valuable information [Sassen and Liou, 1979; Sassen, 1991] . Moreover, theoretical and experimental studies show that occurrence of oriented crystals in clouds leads to rapid variations of lidar measurements in the near-zenith direction [Mishchenko et al., 1997] .
[4] This paper presents a case study of crystals orientation in a low-level ice cloud through lidar measurements coupled with raytracing simulations. The main characteristics of the lidar instrument are presented in section 2, along with a description of the case of study. Section 3 presents a review of the parameters and results of the ray-tracing lidar simulations. Comparisons between the simulations and experimental data are carried out in section 4 to estimate how much information can be retrieved about the oscillation of ice crystals in the cloud from multiple incidence angle measurements. Results and outlook are presented in section 5. [5] The 1.06 mm, dual-polarization lidar was provided by the Defense Research Establishment Valcartier [Roy et al., 1999] . By means of a rotating plane mirror, the atmosphere can be probed at multiple incidence angles. The scans were performed in the vertical plane at a constant speed of 3.5°.s
À1
, the incidence angle q inc ranging between À75 and +75°(0°being the zenith direction) and the field of view was 1.02 mrad. The plane mirror used had slightly different reflection coefficients for the field components parallel and perpendicular to the incidence plane, and a relative phase shift between the two components. The resulting depolarization contamination was calculated and measured ] to be less than 4% for incidence angles up to 30°. As incidence angles considered in this paper are lower than 25°, this effect can be neglected.
[6] The present analysis focuses on lidar data recorded on February 2, 2000. The ground temperature was near À20°C and lidar measurements were conducted from 1156 UTC to 1236 UTC. An example of range-corrected backscattered signal ( Figure 1a ) and depolarization ratio (Figure 1b) show two thin and stable cloud layers, the lowest between 0.5 and 1 km and the other between 1.5 and 2.25 km. Radiosoundings show the wind field reaches a maximum of 15 m.s À1 at the top of the cloud.
[7] The measured lidar backscattered signal S exp , averaged over the upper cloud layer and normalized to unity, is shown in Figure 2a as a function of the incidence angle q inc . Corresponding lidar depolarization ratios ÁP exp are shown in Figure 2b . The same ratio, calculated for randomly-oriented particles, is shown for reference. Both S exp and ÁP exp show a strong dependence on the incidence angle: the backscattered intensity decreases quickly with the incidence angle, while the depolarization ratio increases strongly. Highest values of S exp are reached for vertical incidence GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 9, 1338 , 10.1029 /2002GL014828, 2002 Copyright 2002 where ÁP exp reaches its lowest value. Both parameters seem to stabilize around 15°.
Preliminary Cloud Analysis
2.2.1. Thermodynamical phase.
[8] The low temperature around 1.5 km (less than À20°C) strongly suggests presence of ice in the upper layer cloud.
2.2.2. Optical thickness.
[9] Two methods, detailed in Appendix A, are used to derive the cloud optical thickness, and give realistic and consistent results. The largest value of optical thickness is used in this study, leading to an extinction coefficient of a = 1 km À1 . 2.2.3. Orientation.
[10] Theoretical studies suggest that falling ice crystals tend to orient themselves with maximum resistance to the air [Lynch et al., 1994] . This phenomenon leads to strong variations in backscattered intensity and depolarization ratio near the vertical direction [Sassen, 1975; Mishchenko et al., 1997] . Moreover, these variations can neither originate from randomly oriented crystals nor from water droplets, as theoretical studies show that such particles lead to backscattering and depolarization being independent of incidence angle [Van de Hulst, 1957] . The lidar measurements (Figure 1) show a very strong backscattered intensity and a very low depolarization ratio in the zenith direction. When the incidence angle increases, a strong decrease in backscattered intensity, as well as a steady increase in depolarization ratio can be observed (see for example Figures 1a and 1b between 1.5 and 1.8 km). This observation confirms the presence of ice in the cloud layer, and suggests the presence of horizontally-oriented ice particles in the upper layer cloud.
Theoretical Study of Light Scattering by Ice Crystals

Theory
[11] Ray-tracing simulations were developed to study light scattering by either randomly or horizontally-oriented ice particles in the Geometrical Optics approximation. The first step of the simulations consists in retrieving the scattering matrix of the crystal, the second step aims at describing multiple scattering phenomena for a specific lidar configuration.
[12] Scattering properties are given by the particle Mueller matrix M, from which single-scattering depolarization properties can easily be derived [Van de Hulst, 1957] . It is determined by tracing a large number of rays through the ice crystal, using Fresnel's optical laws and Fraunhofer's diffraction approximation. This simulation [Noel et al., 2001 ] takes into account several properties: (i) The particle size, defined as the effective radius r; (ii) The particle shape, defined as the shape ratio Q between the hexagonal diameter and the crystal length (a careful choice of Q allows representation of either plates or columns); (iii) The particle orientation, defined by the maximum deviation angle from the horizontal plane q osc ; (iv) The lidar incidence angle, defined by the incidence angle q inc between the emitted light beam and the vertical direction.
[13] The second step is the computation of lidar backscattered intensity and depolarization ratio profiles, taking into account multiple scattering [Noel, 2002] . However, in its current state this simulation can only account for clouds composed of randomlyoriented particles. The simulated instrument and the atmosphere are defined as follow: (i) Lidar properties: telescope field of view q FOV and laser beam incidence angle q inc (section 3.1); (ii) Model of atmosphere: horizontally infinite plane-parallel layers are characterized by an optical depth t and a definable collection of scatterers (described by optical cross-sections and a scattering matrix M (section 2.1)).
Lidar Simulation for February, 2nd 2000
[14] Lidar depolarization ratios were simulated for a cloud composed of randomly-oriented particles with a = 1 km À1 (section 2.2) in order to estimate the impact of multiple scattering for the February 2, 2000 experimental case. Results show a 15% increase in depolarization ratio between single-scattering and multiple-scattering behavior. Therefore, for the current case a direct comparison can be carried out between single-scattering simulations of depolarization ratios and lidar measurements.
[15] Ray-tracing simulations were processed for horizontally oriented ice plates with Q = 0.05, and four values of q osc were considered: 5°, 10°, 15°, and 20°. The simulated backscattered intensities S sim , normalized to unity along with the corresponding depolarization ratios ÁP sim , are shown in Figure 3 as functions of the incidence angle. They behave like the observations (Figure 2 ). S sim (Figure 3a) show a strong dependence on q osc : low angles lead to higher backscattered intensities. In addition, there is a rapid decrease in S sim when the incidence angle q inc increases, for all values of q osc . However, S sim cannot be used to retrieve particle orientation, as it is also strongly dependent on particle concentration and size. On the contrary, the depolarization ratio ÁP sim (Figure 3b) is independent of the cloud concentration. For normal incidence (q inc = 0°) on horizontally-oriented ice crystals, values of ÁP sim reach zero, which is also typical of water droplets. Consequently, depolarization ratio is not fail-proof for detection of cloud phase.
Comparison Between Lidar Simulations and Measurements
Estimation of the Relative Concentration of RandomlyOriented Particles
[16] As shown by Sassen and Benson [2001] , the depolarization ratio measurement in the zenith direction can be used to retrieve the relative concentration of randomly-oriented particles in the cloud. Depolarization is given by
where d refers to the linear depolarization ratio for randomlyoriented particles, N to the relative concentration and b to the backscattering coefficient. The subscripts h and r refer to horizontally and randomly oriented particles, respectively. Ray-tracing simulations (section 2.1) can be used to retrieve the ratio
, thus allowing the retrieval of the concentration ratio
[17] In normal incidence, Figure 3b shows a depolarization value of ÁP exp (q inc = 0°) $ 0.05. This corresponds to a ratio of randomly-oriented particles of less than 20%.
Estimation of Particle Orientation
[18] The derivative of the simulated depolarization ratio
is presented in Figure 4 for several values of q inc . On each curve, the maximum value is reached when the incidence angle q inc matches the value of q osc . Therefore, differentiating the depolarization ratio as a function of the incidence angle gives information on q osc .
[19] This technique was applied to the lidar depolarization measurements of February 2nd: the resulting curve is plotted in Figure 5 , reaching a maximum around 12°. As discussed previously, this suggests ice crystals in the cloud oscillate around the horizontal axis, with a maximum deviation angle of about 12°. This value has to be considered as the average oscillation angle of all crystals in the cloud, either preferentially or randomly oriented.
Conclusion
[20] This paper focuses on retrieving information on ice clouds from scanning lidar measurements (backscattered signal and depolarization ratio). Comparisons between one case of observation and ray-tracing simulations were conducted. The main results are:
-Lidar depolarization measurements in the near-vertical direction alone cannot uniquely determine the cloud phase (section 4.1); -The crystals' oscillation angle can be retrieved from scanning lidar depolarization measurements, by using at least two wellchosen incidence angles (e.g. 0°and 10 -15°, Figure 2b) ; -For the case of study, the particles are oscillating with a mean angle of 12°and 20% of crystals are randomly-oriented. [21] However, further work is required to confirm these results. The technique could be improved in several ways: (i) lidar signal to noise ratio should be improved, e.g. by switching to a wavelength of 532 nm; (ii) in presence of preferentially-oriented crystals, raytracing simulations should be extended to account for multiple scattering; (iii) small particles outside the validity domain of raytracing could have strong effects on measured depolarization ratios, and should be represented in simulations with other computation techniques, such as FDTD (Finite Difference Time Domain, [Yang and Liou, 1998] ).
[22] Further, the retrieved average maximum oscillation angle can be interpreted in several ways: all particles can share the same oscillation angle; a group of particles can exhibit small oscillations while the majority are randomly-oriented; mixedphased aggregates could be present in the cloud. Moreover, the case of study featured a low-level cloud whose microphysical properties can differ significantly from those of high troposphere clouds. Therefore, additional cases should be investigated in order to get more representative results. Moreover, presence of in situ measurements could consequently improve the results, as in-cloud microphysical measurements would lead to a better knowledge of the average particle shape, improving the parameterization of the shape retrieval technique. Another improvement would be to scan the cloud from two orthogonal planes instead of a single one, as it would reveal any general offset due to wind speed.
Appendix A: Retrieval of Cloud Optical Depth ) is the apparent extinction coefficient at range r 0 and b(r) is the backscattering coefficient at range r. The real extinction coefficient a 0 can be obtained by a 0 = ha, where h is the multiple scattering coefficient [Eloranta and Shipley, 1982] . By measuring the maximum backscattered intensities S(r 1 ) and S(r 2 ) for both clouds, and assuming a and b to be constant in the cloud, the extinction coefficient can then be estimated as a r ð Þ ¼ À . When applied to lidar measurements, this technique gives an average value of a = 0.5 km À1 .
[24] The second method makes the assumption of horizontallyhomogeneous backscattering coefficient and vertically-homogenous extinction coefficient in both clouds and considers two points located at the same altitude z but with different incidence angles q 1 and q 2 . The backscattered signal S from the upper-layer cloud can be written as 
[25] By considering a homogenous extinction coefficient a inside the cloud layers and zero extinction in the cloud-free regions, the ratio of backscattered signal measured from height z and elevation angle q 1 to elevation angle q 2 is given by 
